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(57) ABSTRACT

An airtfoil (26, 62, 64) 1s mounted on a chordwise stall fence
(28) of a wind turbine blade (22). The airfoill may be an
acrodynamic slat (26) positioned over a forward portion of
the suction side (38) of the blade or a flap (63) disposed near
atrailing edge (34) of the blade. The stall fence may be at least
as high as the thickness of the boundary layer (39) of air
passing over the blade. The slat or flap may be twisted
between an inboard end (26A) and an outboard end (26B) to

compensate for the radially varying angle of the relative air
inflow (46 A, 46B).
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SECONDARY AIRFOIL MOUNTED ON
STALL FENCE ON WIND TURBINE BLADE

FIELD OF THE INVENTION

The invention relates generally to wind turbines and more
particularly to a blade for a wind turbine.

BACKGROUND OF THE INVENTION

The inboard portion of a wind turbine blade 1s made thick
to support thrust and lift loads that are cantilevered onto the
blade root by the outboard blade regions. Herein “inboard”
means radially inward toward the blade root, which 1s the
portion of the blade connected to the hub. “Outboard” means
radially outward, or toward the blade tip. The inboard portion
of each blade becomes progressively thicker (perpendicular
to the airfoil chord) toward the hub for strength, and typically
becomes cylindrical adjacent to the hub to facilitate mounting,
and interface with a blade pitch adjustment mechanism. The
relative air inflow angle changes with distance from the rota-
tion center due to the increasing blade speed relative to the
incoming wind. For manufacturing reasons, the chord angle
or twist angle of the blade cannot change fast enough near the
root to provide the optimal ornientation of the blade airfoil
section to the relative air iflow direction, resulting 1n an
increasingly excessive angle of attack proximate the root.
Due to the blade thickness and high attack angle, the inboard
portion of the blade may be permanently stalled, reducing the
wind energy conversion eificiency. Herein “attack angle”™
means the angle between the airfoil chord line and the relative
wind vector, taking the blade rotation 1into account. A stalled
condition occurs when air passing over the suction side of the
airfo1l detaches from the surface of the blade, creating a
separated region.

The separated region on the suction side of the blade 1s
slow-moving air, and 1s accelerated radially outward due to
the rotation of the blade. This detached turbulent air 1s thus
pumped outward, and induces or enlarges a separated region
on adjacent portions of the blade. To mitigate this outward
flow, a barrier known as a stall fence or a boundary layer fence
may be placed on the suction side of the blade. Such fences
block the radially outward growth and tlow of the separated
region, thus allowing outboard portions of flow to remain
attached longer to the blade, producing more power.

BRIEF DESCRIPTION OF THE DRAWINGS

The mnvention 1s explained 1n the following description in
view of the drawings that show:

FIG. 1 1s a suction side view of a wind turbine rotor accord-
ing to an embodiment of the invention as viewed from behind
the rotor or from downwind of it.

FIG. 2 1s a perspective view of an inboard portion of a wind
turbine blade according to an embodiment of the invention.

FIG. 3 1s a schematic sectional view of a thick airfoil
showing a separated region as in the prior art.

FIG. 4 1s view taken along line 4-4 of FIG. 1 illustrating an
embodiment of the invention.

FI1G. 5 1s view as 1n FIG. 4 showing sections of two ends of
a twisted and rotated slat, and also illustrating a slat fence that
encircles the primary airfoil.

FIG. 6 1s a schematic suction side view of an inboard
portion of a prior art wind turbine blade with airtlow lines.

FIG. 7 1s a view as 1n FIG. 6 modified with two chordwise
stall fences.

FIG. 8 1s a view as 1n FIG. 6 modified with a forward slat.
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FIG. 9 1s a view similar to FIG. 8 showing momentum
deficits 1n the wakes of slat mounting struts.

FIG. 10 1s a view as 1n FIG. 6 modified with a forward slat
mounted across two chordwise stall fences.

FIG. 11 shows all the separation boundary lines of FIGS.
6-10 for comparison.

FIG. 12 shows alternate or additional positions for second-
ary airfoils, including an intermediate airfoil and a trailing
edge flap.

FIG. 13 shows a sectional view of a main element airfoil
with a suction side stall fence that supports a trailling edge
flap.

FIG. 14 shows a view as 1n FIG. 13 taken farther outboard
on the blade.

DETAILED DESCRIPTION OF THE INVENTION

Known stall fence designs are effective in limiting the
outboard propagation of radially flowing air from the stalled
region ol a wind turbine blade. Leading edge suction side
slats may be mounted as secondary airfoils on the inboard
section of a wind turbine blade with clearance over the for-
ward suction side of the blade to add lift and to accelerate the
boundary layer over the suction side of the airfoil, thus push-
ing the stall boundary aft toward the trailing edge and increas-
ing the lift of the thick blade cross sections. The slat also
creates lift itself. Slats could be attached to the blade with
struts that extend from the airfoil. The inventors have recog-
nized, however, that all slat attachments produce drag and
airflow momentum deficits that decrease power production.

FIG. 1 shows a wind turbine rotor 20 with rotating radially-
oriented airfoils or blades 22 that rotate generally 1n a plane
23 or disc of rotation. Only rotating components are 1llus-
trated 1n this figure, with the nacelle and tower not being
illustrated. Each blade extends from a common hub 24. Each
blade may have an aerodynamic forward slat 26 mounted
above an mboard portion of each blade 22. The blade may
also have one or a plurality of chordwise stall fences 28
disposed on the inboard portion of each blade 22.

FIG. 2 1s a perspective view of an inboard portion of a wind
turbine blade 22. The blade includes a main element with a
maximum chord length at a given radial position 22A, and a
shorter chord length at positions radially further inward from
position 22A and approaching position 22B where the chord
length of the mboard portion of the main element 1s at a
minimum. The mmboard end of the blade may be cylindrical
22C. Three stall fences 28 A-C are shown, two of which, 28A
and 28B, may bracket the blade maximum 22A, and a third
one 28C may be further inward. However, other fence posi-
tions and numbers are also suitable. In this embodiment, a
forward slat 26 1s mounted across two or more of the stall
tences 28 A-C. One or more of the stall fences 28A-C may
extend over most or all of both the pressure side 36 and the
suction side 38, as shown by fence 28B. The stall fences may
include a rearward portion 29 extending behind the trailing
edge 34. This places the trailing edge wake of the fence
behind the blade 22. The stall fence may wrap around the
leading edge 32 and/or the trailing edge 34 as shown.

The stall fences may be attached to the blade by techniques
known 1n the art, such as with a fastener extending to a spar
member of the blade. The slat may be mounted directly to the
tences, or alternatively, through the fences directly to a spar
member of the blade. By utilizing at least one fence as a
mount for a slat, the need for a separate strut to support the slat
at that location 1s eliminated, and the benefits of both a fence
and a slat are achieved. Furthermore, there 1s a mutual benefit
or synergy 1n this arrangement, because the flow momentum
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penalty of the fence 1s reduced by the acceleration provided
by the slat, as described 1n more detail below with reference to
FIGS. 9-11. In another embodiment a slat may be supported
by one or more stall fences at a position(s) where the aerody-
namic benefit of a stall fence 1s relatively greater, and by one
or more struts at other position(s) where the aerodynamic
benelit of a stall fence 1s relatively less. For example, a slat
may be supported by a stall fence at a first location and by a
strut at a more iboard position where the rotational speed of
the blade 1s lower, since a strut may be less expensive than a
stall fence. Alternatively, a slat may be supported by a stall
fence at a first location within a separated flow region and be
extended outboard past the separated flow region where it 1s
supported by a strut where there 1s no outward flow and a stall
fence 1s not needed.

The slat 26 may twist along 1ts radial length to accommo-
date the changing angle of the air inflow 46 A, 468 (FIG. 5),
which varies with radius due to the corresponding change in
circumierential velocity. The slat may also rotate forward
over the front end of the airfoil with decreasing radial distance
from the hub 24. Accordingly, the inboard end 28 A of the slat
may be positioned more toward or over the leading edge 32 of
the blade 22, and the outboard end 28B may be positioned
farther back from the leading edge 32.

FIG. 3 shows the geometry of an airfoil section 30 at an
inboard portion of a wind turbine blade, showing the sepa-
rated region 40 for a conventional blade arrangement. The
airfoi1l has a leading edge 32; a trailing edge 34; a pressure
side 36; a suction side 38; a chord length C between the
leading and trailing edges 32, 34; and a maximum thickness
T. On wind turbines, the pressure side 36 spans between the
leading and trailing edges 32, 34 on the windward/upwind
side of the airfoil 30. The suction side 38 spans between the
leading and trailing edges 32, 34 on the downwind side of the
airfoil 30. A relative intlow vector 46 results from the wind
vector 44 and the blade rotation 48. An angle of attack «. 1s
measured between the chord line C and the relative inflow
vector 46. This geometry 1s exemplary of a thick airfoil sec-
tion on the 1nboard portion of a wind turbine blade 22. The
separated region 40 has a separation line 42 on the suction
side 38. An unseparated laminar boundary layer 39 1s shown
where the airflow 1s not separated from the airfoil 30. The
airfo1l may have a chord line orientation angle CA between
the chord line C and the rotation plane 23.

FIG. 4 shows the geometry of an airfoil section 30 taken
along line 4-4 of F1G. 1, with an aerodynamic slat 26 mounted
across a stall fence 28 1n accordance with an embodiment of
the invention. The separation line 42 1s moved aft and the
separation region 40 1s reduced in size on the airfo1l 30 com-
pared to FIG. 3. The slat 26 and stall fences 28 also cooperate
to reduce the radial extent of the separation line 42 as later
shown, thus benefiting the radially adjacent sections of the
blade.

The stall fence 28 may extend over most or all of the
chordwise length of the suction side 38. The median height H
ol the stall fence may be at least the height of the unseparated
boundary layer 39 on the suction side 38, which may be
calculated as 99% of the distance from the surface to the mean
free stream velocity location 1n unseparated flow conditions.
Alternately, the median height H of the stall fence 28 may be
at least 1%, or at least 2%, of a selected chord length C of the
airfoil. The selected chord length may be the chord length of
the blade 22 at the stall fence. The stall fence 28 may change
or gradually taper in height from front to back, such that 1t
provides an optimum slat-to-blade clearance 31 and a
reduced profile elsewhere. Exemplary slat clearances 31 may
range from about 4-12% of the selected chord length C. In one
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embodiment, the stall fence may have a median height of
2-8% of the selected chord length, and the stall fence may
have a height under the slat of 4-12% of the selected chord
length.

FIG. 5 shows two ends 26 A, 26B of a twisted slat 26 as also
seen in FIG. 2. Eachend 26A, 26B has a respective chord line
27A 27B that 1s adapted to a respective direction of the
relative air intlow 46A 468, which varies with tangential
velocities 48 A, 48B of the blade, based onradial position. The
outboard end 26B of the slat 26 may have a chord line orien-
tation angle 0 of smaller magnitude relative to the plane of
rotation 23 than the chord line orientation angle 0 of an
inboard end 26A of the slat. Optionally, the stall fence 28 may
wrap around the airfoil 30 as shown, and may extend over
most or all of both the suction and pressure sides of the main
clement airfoil 30. It may extend forward and/or behind the
airfoil 30 as shown. The chords 27A, 27B of each section
along the slat may form a chord line orientation angle O
relative to the rotation plane 23 that varies based on the radius.

FIGS. 6-11 schematically show an inboard portion of a
suction side 38 of a wind turbine blade 22 with flow lines 50
of the unseparated region 39, flow lines 32 of the separated
region 40, and the separation lines 42A-42E between them.
FIG. 6 shows an unmodified prior art blade with stall separa-
tion line 42A. FIG. 7 shows a blade 22 with two stall fences
28A and 28B and a separation line 42B. FIG. 8 shows a blade
22 with a twisted slat 26, 1ignoring acrodynamic effects of 1ts
mounting attachments, and with a separation line 42C. F1G. 9
shows a blade 22 with a twisted slat 26 mounted on struts 54
that produce wakes 56 resulting 1n detrimental effects 538 on
the separation line 42D.

FIG. 10 shows a blade 22 with a forward slat 26 mounted
across two stall fences 28A, 28B. The separation line 42F
shows additive effects of the slat 26 plus the fences 28 A, 28B,
which produce both a smaller and more radially limited sepa-
ration region 40 than any of the configurations of FIGS. 6-9.
The slat 26 accelerates the flow over the suction side 38,
pushing the separation line 42F back. The tlow acceleration
created by the slat 26 on both sides of each fence 28A-B
minimizes wake effects from the front and sides of the fences
28A-B. In one embodiment, the slat may extend 60 beyond
the fences in both radial directions by at least the median
height H of the fences, while 1n other embodiments the stall
fence may end at the end of the slat. FIG. 11 shows the various
separation lines 42A-E of FIGS. 6-10 on the same figure for
comparison.

FIG. 12 shows a portion of a wind turbine blade including
a main element airfoil 30 with a slat 26 mounted forward on
a fence 28 as previously described. Alternate or additional
secondary airfoils 62, 64 may be mounted on the fence 28 at
other positions. A flap 62 may be mounted on an aft portion 29
of the fence 28 at least partially or completely aft of the
trailing edge 34 of the airfoil 30. An imntermediate airfo1l 64
may alternately or additionally be mounted at or proximate an
intermediate or midway position of the chord C, for accelera-
tion and lift benefits similar to the forward slat 26. The inter-
mediate airfoil 64 may have a twist along its radial length
similar to the forward slat 26, but to a lesser degree. If both a
forward slat 26 and an intermediate airfoi1l 64 are provided,
the intermediate airfoil 64 may be generally parallel to the
torward slat, or they may diverge from each other toward their
inboard ends. Regardless of the location of the one or more
secondary airfoil (26, 64 and/or 62), 1ts support on a fence 28
provides synergistic advantages not previously recognized in
the art.

FIG. 13 shows a portion of a wind turbine blade including
amain element airfoi1l 30 with a suction side stall fence 28 that
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extends ait of the trailing edge 34 and supports a flap 62A at
a distance behind and below the trailing edge 34. A portion of
airtlow 66 flows from the pressure side 36 of the main airfoil
to the suction side 63 of the tlap 62A. The flow acceleration
around the suction side of the flap reduces flow recirculation
from the pressure side 36 around the trailing edge 34 to the
suction side 38 of the main airfoil. Such recirculation sup-
ports an adverse pressure gradient on the suction side 38 that
promotes boundary layer separation. The less separation, the
more efficient the stall fences are, and the smaller they need to
be.

FI1G. 14 shows a portion of a wind turbine blade including
a main element airfoil 30 that 1s farther outboard than shown
in FIG. 13. In this location, the flap 62B can be closer to, or
against, the trailing edge 34, because the main element airtfoil
30 has a lower angle of attack, and no separation or recircu-
lation. Here, there 1s more suction force on the tlap and less
force on the pressure side of the tlap. The position of the flaps
62A, 62B, relative to the trailing edge 34 of the main airfoil,
may vary along the spanwise length of the flap from an
inboard position 62A with clearance aft and below the trailing
edge 34, as 1 FIG. 13, to a further outboard position 62B
directly behind the trailing edge 34 waith little or no clearance,
as shown in FIG. 14.

The tlap 62, 62A, 62B works synergistically with the stall
tence 28, because the flap reduces recirculation, thus reduc-
ing the required size of the stall fence 28. For additional
synergy, the stall fence 28 may extend over the suction side 63
of the tlap 62, 62A, 62B as shown. This prevents radial flow
on the tlap, with benefits simailar to those provided by the stall
fence 28 on the main airfoil 30.

While various embodiments of the present invention have
been shown and described herein, 1t will be obvious that such
embodiments are provided by way of example only. Numer-
ous variations, changes and substitutions may be made with-
out departing from the invention herein. Accordingly, 1t 1s
intended that the invention be limited only by the spirit and
scope of the appended claims.

The mvention claimed 1s:

1. A wind turbine blade comprising;:

a main element;

a stall fence extending over at least most of a chordwise

length of the main element; and
a slat mounted on the stall fence over a forward portion of
a suction side of the main element;

wherein the slat 1s positioned to reduce a separation of
airflow from the suction side of the airfoil; and

wherein the slat 1s twisted between an mnboard end and an
outboard end of the slat such that an angle between a
chord of the slat and a rotation plane of the blade
decreases with distance from a center of rotation of the
blade.

2. The wind turbine blade of claim 1, further comprising an
intermediate airfoil disposed on the stall fence over an inter-
mediate position of the chordwise length of the main element.

3. The wind turbine blade of claim 1, wherein the slat
inboard end 1s positioned over a leading edge of the wind
turbine blade.

4. The wind turbine blade of claim 1, further comprising a
flap disposed on the stall fence partially or completely behind
a trailing edge of the main element.

5. The wind turbine blade of claim 4, wherein the stall
fence extends over at least a portion of a suction side of the
flap.

6. The wind turbine blade of claim 4, wherein at least a
portion of a leading edge of the flap 1s disposed below the
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trailing edge of the main element such that a portion of an
airtlow flows from a pressure side of the main element to a
suction side of the flap.

7. A wind turbine blade comprising:

a radially inboard portion with a stall fence extending over
at least most of a chordwise length of a suction side of

the blade; and

an aecrodynamic slat mounted on and across the stall fence
with a clearance over a forward portion of the suction
side of the blade effective to reduce a separation of an
airflow over the suction side of the airfoil;

wherein the slat 1s twisted between an inboard end and an
outboard end of the slat such that an angle between a
chord of the slat and a rotation plane of the blade

decreases with distance from a center of rotation of the
blade.

8. The wind turbine blade of claim 7, wherein the stall

fence 1s at least as tall as an aerodynamic boundary layer on
the suction side of the blade.

9. The wind turbine blade of claim 7, wherein the stall
fence has a median height of 2-8% of a chord length of the
blade at the stall fence, and the stall fence has a height under
the slat of 4-12% of said chord length, defining the clearance
of the slat.

10. The wind turbine blade of claim 7, wherein the stall
fence varies gradually in height from a maximum height
under the slat to a lesser height remote from under the slat.

11. The wind turbine blade of claim 7, wherein the stall
fence extends behind the trailing edge of the blade.

12. The wind turbine blade of claim 11, further comprising
a flap disposed on the stall fence partially or completely
behind the trailing edge.

13. The wind turbine blade of claim 7, wherein the slat
extends beyond the fence 1n both radial directions by at least
a median height of the fence.

14. A wind turbine blade comprising:

a radially inboard portion with a plurality of chordwise
stall fences extending over at least most of a chordwise
length of a suction side of a main element of the blade;
and

an aerodynamic slat mounted on and across the stall fences
with a clearance over a forward portion of the suction
side of the main element that 1s effective to reduce an
airflow separation over the suction side of the airfoil;

wherein the slat 1s twisted between an inboard end and an
outboard end of the slat such that an angle between a
chord of the slat and a rotation plane of the blade
decreases with distance from a center of rotation of the

blade.

15. The wind turbine blade of claim 14, wherein each of the
stall fences extends behind a trailing edge of the main ele-
ment, and further comprising a flap disposed on the stall
tences partially or completely behind the trailing edge.

16. The wind turbine blade of claim 15, further comprising
at least a portion of a leading edge of the flap being disposed
below the trailing edge of the main element such that a portion
of an airtlow tlows from a pressure side of the main element
to a suction side of the flap.

17. The wind turbine blade of claim 1, wherein the twist of
the slat causes the inboard end of the slat to be positioned over
the leading edge of the blade, and the outboard end of the slat
to be positioned farther back from the leading edge.
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18. The wind turbine blade of claim 7, wherein the twist of
the slat causes the imnboard end of the slat to be positioned
more toward or over the leading edge of the blade, and the

outboard end of the slat to be positioned farther back from the
leading edge. 5




	Front Page
	Drawings
	Specification
	Claims

